Abstract Rare-earth perovskites-type oxides are compounds with the general formula ABO 3 . There are many industrial and research applications related to their properties such as photocatalytic activity, magnetism, or pyroferro and piezo-electricity, and interest in these compounds in the field of energy storage and conversion is growing. Rare-earth perovskite-type oxides may be used in nickelmetal hydride (Ni/MH) battery technology because these materials may store hydrogen in strong alkaline environments, and also because of their abundance and low cost. In this review, the use of rare-earth perovskite-type oxides in Ni/MH batteries is described, starting from their crystalline structure and production methods. In each category, a description concerning the latest advances and future research direction is presented. Electrochemical performance of the perovskite-type electrodes is reviewed extensively. In addition, various strategies for enhancing their hydrogen storage capacity as a negative electrode in hydrogen batteries are discussed. Drawbacks and challenges of this technology are also presented.
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Introduction
The development of renewable sources, in the electronic and automotive industry have led engineering to limit its impact on the environment and transform energy associated technologies into sustainable and environmentally friendly devices. In the fields of energy storage and conversion, rechargeable batteries have experienced constant advances in their architecture and materials to get a better performance with a lower environmental cost [1] [2] [3] . Among the various rechargeable battery technologies, nickel-metal hydride (Ni/MH) and lithium ion (Li-ion) batteries have experienced continuous development in the last decades. The Ni/MH battery has a relatively low nominal voltage value (1.2 V) with a voltage window ranging from 0.6 to 1.5 V when compared to the rival Liion battery (nominal voltage 3.6 V with a voltage window from 3.0 to 4.2 V). Having a lower voltage means that more Ni/MH cells connected in series in a battery pack are required to achieve a pre-determined pack voltage (for instance, three Ni/MH cells instead of one Li-ion cell for a pack voltage of 3.6 V). The Ni/MH battery also has a relatively high energy density (Wh L -1 ) but a rather low specific energy (Wh kg -1 ) when compared to the Li-ion battery as a result of the high density of its active materials in the anode (nickel-based alloys versus graphite) [4] . Thus, Ni/MH batteries are widely used in stationary applications, consumer electronics, power tools, hybrid and full electric road and rail vehicles because of its durability, abuse tolerance, compact size, and environmental friendliness [5] [6] [7] [8] . On the other hand, Li-ion batteries are commonly used in applications where strict requirements in power and energy are needed, such as in electric vehicles and mobile phones [4, 9] .
The Ni/MH battery is a reversible electrochemical device that allows to store and produce electrical energy by means of electrochemical reactions. These reactions occur at the surface of active materials (or electrodes) in contact with an alkaline electrolyte, Fig. 1 . The active material used in the positive electrode (cathode) of these batteries is the Ni(OH) 2 compound. During charge, this active material experiences ?2/?3 oxidation state change promoted by the electrochemical reaction [10, 11] . The following half-cell electrochemical reaction takes place at the cathode:
As a result, protons released from the active material move to its surface and recombine with hydroxide ions in the electrolyte. On the other hand, in the negative electrode (anode), the active material is a special kind of alloy known as hydrogen storage alloy (or metal hydride (MH) alloy) that is capable to store hydrogen in a reversible way [12] . During charge, the applied voltage splits water molecules into hydroxide ions and hydrogen protons. As a result, the reduction of water allows hydrogen protons to be in contact with the hydrogen storage alloy. Protons enter then into the bulk of the alloy to form a MH driven by the voltage and diffusion caused by the concentration gradient [12, 13] . The half-cell electrochemical reaction at the anode is:
Therefore, the overall reaction for the battery is:
In the negative electrode, adsorption/absorption of hydrogen is crucial for the operation of the cell. A good hydrogen storage electrode material must have the following properties [14, 15] : (1) catalyst for hydrogen atom, (2) corrosion resistance, (3) reversible hydrogen storage capacity, (4) good operation in a wide range of temperatures, (5) suitable hydrogen equilibrium pressure and (6) low cost. Currently, Ni/MH batteries are equipped with negative electrodes which are usually fabricated from intermetallic compounds. These alloys are able to absorb hydrogen within its structure, leading to the formation of metal hydrides. Among several families of intermetallic compounds (AB, AB 2 , A 2 B, A 2 B 7 and AB 5 ; where A: is an element with high affinity for hydrogen ions, and B: is an element with a low affinity for hydrogen), the intermetallic AB 5 [13, 16] .
The AB 5 -type hydrogen storage alloys are very convenient due to their clean characteristics and good performance in Ni/MH batteries [17] . However, the high production cost and limited capacity (330 mAhg -1 ) of these compounds slows down their application in commercial devices. Recently, the substitution of elements such as La, Nd, Mn, in AB 5 -type alloys and the total replacement of the La-based alloys by others intermetallic systems (Mg-based and Ti-based) have been alternatives proposed for cost reduction [18] [19] [20] . However, further work should be carried out to improve stability and performance of these alloys at different operational conditions in Ni/MH batteries.
In the last decade, rare-earth (RE) perovskite-type oxides (ABO 3 ), which are reported herein as hydrogen uptake materials [21] [22] [23] [24] [25] [26] [27] [28] , have been regarded to be one of the valuable alternatives as negative electrode materials in Ni/ MH batteries. This fact is attributed to the lower cost of perovskite-type oxides than conventional intermetallic alloys, due to its thermally stability, abundance, and comparatively active behavior [27] [28] [29] . RE-perovskitetype oxides are known not only to present proton conductivity at high temperatures and under hydrogen atmospheres, but also to have higher hydrogen solubility than other metal oxides. Due to its properties, RE-perovskitetype oxides have become widely used in practical applications such as fuel cells, catalyst, corrosion inhibition and electrochemical capacitors [30] [31] [32] [33] . However, as potential anode materials for hydrogen secondary batteries, REperovskite-type oxides are still a research field under development. This article is focused on reviewing REperovskite-type oxides as alternative negative electrodes for Ni/MH batteries and gives the basis for the future research directions in this field. Structure and synthesis methods are also reviewed.
Perovskite structure
It is well-known that perovskite-type oxides constitute one of the most important and widely studied families of oxide compounds due to its interesting dielectric and ferroelectric properties, magnetic behavior, electronic and ionic conductivity, and superconductivity [30, 34, 35] . Their flexibility in accommodating a broad range of atomic substitutions provides to these oxides a wide variety of properties while keeping its basic structure unchanged. Ideal perovskite-type oxides exhibit a crystal cubic structure with space group Pnma (Pm3-m cubic system) described by the general formula ABO 3 (where A: is a rare or alkaline earth metal and B: is a first-row transition metal), wherein cations with a large ionic radius coordinate to 12 oxygen atoms and occupy A-sites and cations with a smaller ionic radius are 6 coordinate and occupy B-sites [36, 37] , Fig. 2 .
Unlike ideal cubic perovskite structures, real perovskite ABO 3 oxides exhibits lattice distortions of various degrees (octahedra are tilted around its center), thereby resulting in the transformation of crystal phases in the following sequences: orthogonal, rhombohedral, tetragonal, monoclinic, and triclinic phase, depending on the details of the octahedral rotations. Interestingly, rotations of the oxygen octahedra have an important impact on the crystal field, and thus it changes the dipole and electronic band structures, thereby influencing its physical and chemical behavior [37, 38] . Table 1 summarizes experimentally determined RE-perovskite type structures in early works.
Usually, the ABO 3 structure is partial substituted by cations at the A and B-sites to promote octahedral rotation, improving ionic conductivity and hydrogen catalytic activity. For RE-perovskite-type oxides, the most symmetric structure observed is rhombohedral R3c (i.e., La 1- x Sr x FeO 3 ) [58] . These oxides involve a distortion of the ideal cubic structure due to a rotation of the BO 6 octahedra and a displacement of the A cation with respect to its initial position in the cubic structure. The rhombohedral structure from La 1-x Sr x FeO 3 has been one of the studied structures in Ni/MH batteries [59] , nevertheless, further studies must be carried out to determine which of the lattice distortions are the most favorable for electrochemical hydrogen insertion in Ni/MH batteries.
Synthesis of rare-earth perovskite-type oxides for applications in Ni/MH batteries
Previous studies regarding RE-perovskite-type oxides in the field of Ni/MH batteries have involved a number of synthesis routes. These routes include the solid-state reaction, the glycine-nitrate method, and the sol-gel technique. The solid-state reaction method is a conventional technique for the synthesis of ceramic compounds. It consists in the mechanical mixing of nearly pure oxide powders (99% purity), carbonates or salts, followed by heat treatment at high temperatures, typically around 1500 K. This process is often carried out for 8-24 h to allow the rearrangement of cations to form the perovskite-type structure [28, [60] [61] [62] . The reactions tend to occur at the interface of the mixed solids as ions diffuse from the bulk to the interface between particles. This method is known to produce a dense material [60, 61] . Following heat treatment, the material is milled to obtain micrometric powders. For instance, Kim et al. [63] Subsequently, the powders were mixed and grounded in a ball mill with stabilized zirconia balls, and calcined at 1773 K, for 20 h in air. The calcined powder was then planetary ball-milled with stabilized zirconia balls for 4 h, at 200 rpm and sieved to pass 325 mesh (45 lm). Alternatively, the glycine-nitrate route, also known as the combustion method, involves the use of nitrates instead of oxides as precursors, a dispersant (nitric or stearic acid) and fuel (glycine). These reagents are mixed in distilled water and heated until the excess free water evaporates. Subsequently, the resulting viscous liquid is auto-ignited by putting it in a preheated plate at a temperature around 673 K. Subsequently the as-burnt powder is calcined at a temperature typically around 1200 K for 3 to 5 h. This method has been reported in numerous studies involving RE-perovskite-type oxides for applications in Ni/MH batteries [27, 59, 64, 65] . For instance, Deng et al. [59] prepared RE-perovskite-type oxides to built-up electrodes for Ni/MH cells using the combustion method. They used stearic acid (C 17 H 35 COOH) as a dispersant, which was heated and melted. Stoichiometric amounts of La(NO 3 ) 3 .6H 2 O, Fe(NO 3 ) 3 .9H 2 O and Sr(NO 3 ) 2 were added as precursors. The mixture was stirred by a magnetic mixer until a homogeneous solution was produced. The solution was ignited in air and the powders obtained were calcined at 1123 K for 3 h in a muffle furnace.
Sol-gel methods, especially, the well-known 'Pechini method', have been another option for the synthesis of perovskite-type oxides in previous studies [66, 67] . This method involves the mixing of perovskite precursors in nitrate and oxide form followed by the addition of a chelating agent, ethylene glycol as the sol-forming product, desiccation and calcination. For example, Song et al. [67] prepared LaCrO 3 for Ni/MH batteries using the Pechini method. They used a mixture of La(NO 3 ) 3 Á6H 2 O, Cr(NO 3 ) 3 Á9H 2 O, citric acid, and ethylene glycol. These reagents were dissolved in distilled water to form an aqueous solution and then stirred in a water bath at 353 K until a gel was formed. The gel was then desiccated in a dying oven at 353 K for 24 h. The gel obtained was ground and calcined at 1073 K for 2 h to form the final powders.
Early studies have reported that the overall crystal structure of perovskite-type oxides is not affected by the synthesis method [68, 69] . However, changes in the crystal structure of perovskite-type oxides have been observed due to compositional variations, such as substituting the mean A-site ionic radius or the B-site [59] . Moreover, changes in the grain size have been observed depending on the synthesis route [68] . In this sense, the sol-gel method results in smaller grain sizes than the solid-state reaction method. In fact, the Pechini method is known for delivering homogeneous solutions with a great control of composition and production of ultrafine nanometric oxides [70, 71] , which makes this method very attractive for recent developments and future trends in the field of Ni/MH batteries (see ''Drawbacks and future challenges''). Compared with the solid-state reaction, the glycine-nitrate route and the solgel technique require lower calcination temperatures and reduced calcination times to yield pure crystals of perovskite-type oxides. This fact results in energy-saving, which is also important in terms of cost reduction.
Performance and hydrogen absorption mechanisms of rare-earth perovskite-type electrode materials in Ni/MH batteries RE-perovskite ABO 3 oxides are known to show catalytic behavior in hydrogen-rich media [72, 73] , thus it is not a surprise that these materials can be useful for hydrogen storage. Their application to hydrogen batteries is based on the advantages shown in the catalysis and ionic conduction fields. These advantages can be summarized as (1) Wide variety of composition and constituent elements, keeping essentially the basic structure unchanged and cost of the compound as low as possible. (2) Valence, stoichiometry and vacancy can be varied widely, so enhancing their hydrogen absorption properties. (3) Thermal stability. (4) corrosion resistance in alkaline electrolyte [30, 74, 75] . Nevertheless, one of the weakest points of this technology with respect to the intermetallic-based one is the operating temperature range for hydrogen absorption, which is usually above room temperature. Some efforts have been made to find out the performance of RE-perovskite-type oxides for hydrogen storage at room temperature. Sakaguchi et al. [76] have been pioneers in studying a RE-perovskite oxide (SrCe 0.95 Yb 0.05 O 3 ) for Ni/MH batteries. In their study, RE-perovskite-based electrodes were able to experience hydrogen absorption/ desorption at room temperature. In a subsequent work, Esaka et al. [28] proposed another RE-perovskite-type oxide with composition ACe 1-x M x O 3-d (A = Sr or Ba, M = rare earth element). This composition was found to successfully store hydrogen in the bulk electrode and could experience electrochemical hydrogen charge and discharge at room temperature. Despite the successful results, the maximum capacity value of the ACe 1-x M x O 3-d composition was 119 mAhg -1 which is significantly lower than the capacity values reported for commercial AB 5 alloys at room temperature.
In the late 2000s, Deng et al. [59] also studied REperovskite-type oxides for hydrogen batteries. Interestingly, they reported that RE-perovskite-based electrodes with the composition La 1-x Sr x FeO 3 (for X = 0.2 and 0.4) presented not only a dependency with respect to the temperature of the system, but also with respect to the initial crystalline structure (see Fig. 3 ). For instance, a rhombohedral structure (X = 0.4) was able to accept more hydrogen within its structure rather than an orthorhombic one (X = 0.2). As a result, the discharge capacity value of the rhombohedral structure was 77 mAhg -1 at room temperature, whereas the orthorhombic one presented a discharge capacity value of only 54 mAhg -1 at room temperature. These discharge capacity values were significantly improved at higher temperatures. In both cases, the average capacity values increased to 360 and 220 mAhg -1 for the rhombohedral and orthorhombic structures, respectively, at 333 K.
The electrochemical behavior of the RE-perovskite-type electrodes reported on the work of Deng et al. [59] can be attributed to the mechanisms for hydrogen absorption/ desorption in RE-perovskite-type materials. The hydrogen absorption mechanism in RE-perovskite-type oxides is similar to that presented before for intermetallic alloys, where the storage of hydrogen atoms is given by the reduction of water at the interface electrolyte/active material. Hydrogen atoms are then captured within the structure of the RE-perovskite-type oxide to form a solid solution, i.e., a hydride compound [27, 59, 77] . Accordingly, the half-cell electrochemical reaction at the REperovskite-type negative electrode is:
Thus, the overall reaction for the Ni/MH battery can be re-defined as follows:
Typical charge and discharge curves of the REperovskite-type electrodes show long and flat potential plateaus, Fig. 4a, b , which represents the interaction between hydrogen atoms and oxygen in the oxide during Fig. 3 Plot of the discharge capacity as a function of the cycle number in a La 1-x Sr x FeO 3 (x = 0.2: orthorhombic structure, x = 0.4: rhombohedral structure). Data adapted from [59] the absorption/desorption process [27, 78] . In the charge process, the plateau is more notorious due to the formation of stable chemical bonds between protons and oxygen in the oxide. This plateau is affected by temperature. For instance, as the temperature increases from 298 to 333 K, the charge potential plateau tends to decrease, Fig. 4a [27, 59, 77, 78] . This phenomenon is associated with a decrease in electrode polarization when the temperature increases. Unlike the charge potential, the beginning of the discharge plateau remains almost unaltered with temperature, which yields an advantage over traditional AB 5 alloys, whose voltage plateau rises when the temperature increases and, therefore, might harm the properties of the cell, i.e., cause hydrogen recombination and irreversible electrolyte decomposition [79] . In addition to the potential value, the extent of the plateau and thus the total discharge capacity increases when the temperature increases, Fig. 4b . This phenomenon is attributed to the mechanism of hydrogen ion migration in the unit cell of perovskite-type oxides. In these compounds, hydrogen atoms are inserted with the lattice oxygen, where it moves by cation hopping or jumping between immobile host oxygen ions. Alternatively, the protons can also move as a passenger on a larger ion like OH -and H 3 O ? [80, 81] . At high temperatures, the phonons vibration as well as the cell expansion facilitates the movement of free H ? ions. To some extent, it reduces the activation energy for H ? ion diffusion and exhibits higher practical electrochemical capacities [82] .
Interestingly, the combination of hydrogen absorption/ desorption and corrosion properties in RE-perovskite-type oxides provides them a great advantage over intermetallicbased ones. For example, intermetallic compounds show degradation in highly concentrated alkaline electrolytes which affects ionic conductivity and restricts the voltage window [83] . Instead, RE-perovskite-type oxides are able to operate at an increased concentration of electrolyte (OH -) which benefits the electrochemical reaction. As a result, the discharge capacity of the RE-perovskite-type oxide electrode can increase with the rise of electrolyte concentration. This fact has been reported by Song et al. [84] using a LaCrO 3 composition as shown in Fig. 5 . Similarly, the increment of the cell temperature is another factor that benefits the electrochemical reaction (see Figs. 4 and 5) , leading to an improved discharge capacity as reported for different perovskite-type compositions [27, 59, 66, 77, 78] . These results show an advantage over intermetallic compounds whose electrochemical capacity is [84] affected by the increment of the operating temperature [85] . Table 2 summarizes the values of the electrochemical discharge capacity, hydrogen diffusion coefficient and the exchange current density for different perovskite-type electrodes reported in the literature. One can note from Table 2 that the values of the hydrogen diffusion coefficient of perovskite-type oxides remain lower than those values reported in the literature for conventional AB 5 -type alloys, which are in the range from 10 -6 to 10 -11 cm/s 2 [86] . The values of the diffusion coefficient do not experience an important change when the temperature is increased. This fact reveals that the diffusion rate at the electrode/electrolyte interface depends mainly on structure and surface area. Among different RE-perovskite-type oxides, LaFeO 3 composition has exhibited considerable electrochemical capacity, ranging from 80 to 350 mAhg
at temperatures from 298 to 333 K, respectively. Using nanometric LaFeO 3 powders has resulted in an improvement of the electrochemical performance of this compound [64] . The improvement in the hydrogen diffusion coefficient and exchange current density (electro-catalytic activity of the charge transfer at the interface) of nanometric LaFeO 3 indicates that the nanometric particle size increases the surface area in contact with electrolyte and maximizes surface activity. Thus, the reaction kinetics is improved and consequently higher electrochemical capacity is obtained in comparison to the micrometric LaFeO 3 powder. It is worth mentioning that the exchange current density increases when the temperature increases, which confirms that the electro-catalytic activity of the charge transfer process increases as well. The LaCrO 3 composition is also one of the promising perovskite-type electrodes presenting a good electrochemical capacity at 298 and at 333 K. It is worth mentioning that both LaFeO 3 and LaCrO 3 compositions present a sustainable stability without any crystal structure change in charge/discharge cycles (new phases are not formed after electrochemical cycling), see Fig. 6a , b. Interestingly, XRD patterns, like in Fig. 6 , are typical of perovskite electrodes after galvanostatic charge/discharge cycling, which reveals the structural stability of these compounds during the hydrogen absorption/desorption process [27, 59, 66, 78] . Perovskite-type oxides present a small lattice expansion when compared with intermetallic alloys. For example, the LaCrO 3 composition has a volume change about 0.4% [67] . In contrast, the intermetallic alloy-LaNi 5 presents a volume change about 25% in each hydrogenation because of the introduction of H atoms in the interstices of the CaCu 5 structure [87] . Up to date, reported values of volume change for different perovskitetype oxides remains below 1% after hydrogenation [67, 77] , which is significantly lower than values reported for traditional intermetallic alloys. This fact might result in an advantage for perovskite-type electrodes since they could be resistant to crack formation and spalling due to the lattice expansion during electrochemical cycling. In this sense, the few morphological studies about perovskite-type electrodes suggest that those are not free of damage after hydrogenation [66] , Fig. 7 . However, a systematic study combining XRD data (to calculate lattice parameters before and after electrochemical cycling) and SEM (to evaluate morphology after each hydrogenation) is highly recommended in future investigations to determine if the damage is attributed to the lattice expansion or to any other process.
Recently, another perovskite-type oxide, the LaGaO 3 compound, has been proposed for the negative electrode in Ni/MH batteries, Table 2 . The LaGaO 3 consists of a single phase that crystallizes in an orthorhombic structure. This oxide first presents a discharge capacity with a maximum value of 220 mAhg -1 at 333 K, which decreases after the first three charge/discharge cycles [66, 88] . This degradation phenomenon with cycling has been observed as well in others RE-perovskite-type oxides [27] . The degradation of cycling stability of RE-perovskite-type oxides has been explained by the corrosion behavior of the electrode because of the reduction in the electroactive surface area of the electrochemical reaction with cycling. Nevertheless, detailed research is still needed to understand the degradation phenomena during electrochemical cycling. Therefore, it is clear that RE-perovskite-type oxides present electrochemical reversibility for hydrogen absorption/desorption in alkaline media and can be regarded as alternative negative electrode materials for hydrogen batteries. Although its performance is affected by the temperature of the system, this fact should not be considered as a disadvantage in terms of a possible real application in hydrogen batteries. Many of the intermetallic compounds suffer degradation of its electrochemical capacity when they are used at high temperature [89] . Instead, RE-perovskite-type electrodes can show very high capacities (over 400 mAhg -1 ) at high temperatures, which could be extremely useful for example in high temperature Ni/MH secondary batteries. Nevertheless, Young et al. [83] in a recent study reported promising high capacity values (around 370 mAhg -1 ) using perovskite electrodes at room temperature (the compositions have not yet been disclosed). Of course, there is still work to do in terms of exploring new compositions and solving some inherent drawbacks that can limit its application.
Drawbacks and future challenges
Currently, pending issues of RE-perovskite oxides for electrode materials are the focus of attention of researchers. These issues are mainly associated with the nature of the atomic interactions of perovskites. First, RE-perovskitetype oxides present a restricted exchange current density. This fact is attributed to the intrinsic conductivity of these materials which leads to the higher resistance during the charge transfer process. Second, RE perovskite type oxides have several times higher hydrogen diffusion coefficients than intermetallic alloys. Third, the degradation mechanisms of initial discharge capacity are not well understood. Accordingly, the improvement of charge transfer at the [66] electrode/electrolyte interface and of the hydrogen mass transportation are key factors to achieve a better performance in hydrogen batteries. In this sense, recent studies have proposed nanosized RE-perovskite oxide particles for the production of negative electrodes on the basis that nanomaterials with high surface area could maximize the surface activity [64, 65] . As a result, nanosized RE-perovskite-type oxides should improve the reaction kinetics of electrode materials, and afford a shorter distance for ionic mass and charge transportation. In fact, experiments carried out with nanosized LaFeO 3 particles have shown an enhanced reaction kinetics, which facilitates the production of considerable higher specific capacities, see Table 2 [64] . It is worth noting that following this research line, the Pechini and combustion synthesis routes are regarded as the most appropriate techniques for the production of the nanosized active material rather than the solid-state production method (see ''Synthesis of rare-earth perovskitetype oxides for applications in Ni/MH batteries'').
Despite the improvement in the specific capacity using nanosized powders, the values of the hydrogen diffusion coefficient in RE-perovskite-type oxides are still lower than the diffusion values in hydrogen storage alloys. This fact has been attributed to the tendency of the nanosized powder to readily form aggregates, which limits the contact with the electrolyte, and consequently, hinders hydrogen diffusion [64] . As a result, investigations are currently focused on finding out new ways to improve ionic mass and charge transportation. One of the proposed solutions is substituting A or B sites in the ABO 3 formula to create vacancies and, therefore, to improve diffusion properties [63] . Of course, this solution should be also taken using nanosized powder, since doping is not enough by itself to decrease by itself the hydrogen diffusion coefficient close to the diffusion values in intermetallic alloys.
Another alternative for improving performance of REperovskite-type oxides in Ni/MH batteries is to prevent the aggregation of nanosized powders. The proposed solution consists of building up a coating on the surface of the oxide particles. An ideal coating for RE-perovskite-type oxides should possess multiple characteristics. For instance, it must help to avoid the aggregation of particles, be supportive in favor of hydrogen transfer, and provide protection against the alkaline electrolyte, especially at elevated temperatures. Recently, LaFeO 3 particles have been evenly coated with carbon and polyaniline (PANI) hybrid layers after carbon-PANI treatment [65] . The carbon layers prevent the nano-sized LaFeO 3 particles from aggregation. The PANI layers also enhance the electrocatalytic activity, facilitating hydrogen protons transferring from the electrolyte to the electrode interface. The cooperation of carbon and PANI hybrid layers results in a significant enhancement of the electrochemical performance at high temperatures. At an elevated temperature (333 K), the maximum discharge capacity of the LaFeO 3 electrodes increases remarkably from 231 to 402 mAhg -1 , which is significantly higher than the capacity values reported for AB 5 intermetallic alloys. Of course, the improvement achieved using RE-perovskite-type electrodes has been obtained at higher temperatures (310-333 K). Thus, these findings are of particular interest for the development of the next generation of high performing and high temperature Ni/MH batteries.
Ni/MH batteries are often used at temperatures that rise well above room temperature, especially in fast-charge applications, and/or in hot environments [11] . For example, in certain electrical apparatus, it is necessary that the battery can be charged at lower current and under a relative high temperature environment (up to 373 K). Under such conditions, the normal Ni/MH batteries (owing to the limits of their structure) cannot be fully charged, and thus a decrease of discharge capacity occurs. Therefore, efforts are currently carried out to obtain RE-perovskite-type electrodes with a wide temperature operating range, in the expectation that these materials can ensure features such as high charge efficiency as well as prolonged cycle life and safety.
RE-perovskite-type oxides are also promising materials for hydrogen storage in other applications such as in fuel cells [90] . For example, the RE perovskite type oxide LaFeO 3 could easily absorb the proton primarily dissociated from water. As a result, unlike intermetallic alloys, RE-perovskite-type oxides like LaFeO 3 do not require being activated before charge/discharge operation in gas/-solid hydrogen storage applications [64] . This advantage should be exploited for its application in real devices. Future research should also be focused on new RE-perovskite-type compositions and new methods (surface and electrolyte modification, blended oxides) which can allow us to obtain better performance in Ni/MH batteries and/or in hydrogen storage devices.
Conclusions
Rare-earth perovskite ABO 3 type oxides for application in Ni/MH batteries have been reviewed. This review paper summarizes the efforts to improve the performance and expand the applicability of Ni/MH batteries undertaken by scientists in recent years. Rare earth perovskite-type oxides have attracted the attention of researchers as a promising option to compete against traditional intermetallic-base anodes in Ni/MH batteries due to its reversible electrochemical behavior, high natural abundance, facile synthesis, low price, and environmental benignity. Recent research works have shown that RE-perovskite-type oxides present excellent discharge capacity at high temperatures, and consequently, are regarded as a prominent alternative for negative electrode materials for the next generation of high-temperature and high-performance Ni/MH batteries. Further research work is expected to optimize the properties and performance of these interesting compounds, not only for Ni/MH batteries but also for hydrogen storage devices.
